• A two-dimensional finite element model was developed • The model was programmed in Compaq Visual Fortran, version 6.5 • Dynamic drying curves were predicted by the methodology very well Abstract An experimental and numerical study was conducted to investigate the process of potato slices drying. For simulating the moisture transfer in the samples and predict the dehydration curves, a two-dimensional finite element model was developed and programmed in Compaq Visual Fortran, version 6.5. The model solved the Fick's second law for slab in a shrinkage system to calculate the unsteady two-dimensional moisture transmission in rectangular coordinates (x,y). Moisture diffusivity and moisture transfer coefficient were determined by minimizing the sum squares of residuals between experimental and numerical predicted data. Shrinkage kinetics of the potato slices during dehydration was determined experimentally and found to be a linear function of removed moisture. The determined parameters were used in the mathematical model. The predicted moisture content values were compared to the experimental data and the validation results demonstrated that the dynamic drying curves were predicted by the methodology very well.
Mathematical modelling and computer simulation are widely used in research to predict dehydration behaviour of materials, design new dryers, and even to control the process [1] . The main proposed mathematical models used to describe the drying process are categorized as theoretical, semi-theoretical and empirical models [2] . Although these models give good fitting to the experimental data parameters, finally they do not offer any physical meaning [3] . The parameters depend on the product, drying technology and processsing condition, and hinder the understanding of the mechanism that governs the water removal. Despite of the empirical and semi-theoretical models, theoretical models are built based on the understanding of the fundamental heat and mass transfer mechanisms that occur during drying. Some studies like Zare et al. (2006) [4] , Zhao and Chen (2011) [5] , Mabrouk et al. (2012) [6] , Nilnont et al. (2012) [7] , Askari et al. (2013) [8] and Lemus-Mondaca et al. (2013) [9] have reported computational simulation of various agricultural and food products drying with a remarkable agreement between the theoretical and experimental results.
Theoretical models are realistic and give an accurate explanation of the drying process. However, they require a computing tool and also substantial information about physicothermal properties of drying material such as moisture diffusivity, mass transfer coefficient and shrinkage. Therefore, perfect understanding of these parameters and applying an appropriate numerical method are essential for precise prediction of the process [10] .
Among the various types of dryers reported in the literature, convective hot air dryers have been to date the most common dryers employed for dehydrating agricultural and food products. Convective dying is considered a simultaneous heat and mass transfer phenomenon wherein moisture transfer occurs in two forms of internal vapour evaporation and surface evaporation. During this process, water is transferred from the product inside to its surface by diffusion and carried from the surface to the air by convection [11] .
The moisture diffusivity is a system specific function which represents all moisture gradient driven transfer mechanisms including liquid diffusion, migration in the adsorbed layer, vapour condensation and true diffusion of vapour in the air [12] . For foods, in the falling rate period, it is assumed that moisture transport is controlled by the liquid diffusion [13] . Extensive studies have been conducted to determine the moisture diffusivity for various foodstuff [2, [14] [15] [16] [17] [18] . Mass transfer between liquid or solid and a gas interface is an important phenomenon for various engineering processes. Convective mass transfer coefficient is often used to describe and calculate the mass transfer rate at these interfaces [19] . Convective mass transfer of various materials has been reported in the literature [9, 20, 21, 22] .
Due to moisture evaporation, most of fruits and vegetables undergo considerable changes in volume during drying process. Since volumetric shrinkage influences drying behavior of products, it has to be taken into account in mathematical modelling of such processes for proper prediction of drying curves [7, 23, 24] . In the literature, several studies of volumetric shrinkage in biological materials have been reported [25, 26] .
Among the numerical methods available in simulation studies, finite difference method and finite element method are the main methods applied to model heat and mass transfer. The finite difference method simply formulates the discredited equations set from the transport differential equations in a differential manner and normally is used for simple and regular geometries [27] . The finite element method has better performance in comparison to finite difference method when solving problems with irregular geometries, complex boundary conditions and heterogeneous materials [28] .
The aim of the present study was to experimentally and numerically study drying process of potato slices, implementing a two-dimensional finite element model with a computer code and using experimentally determined moisture diffusivity, mass transfer coefficient and shrinkage of the samples.
EXPERIMENTAL Dryer set-up
To carry out the drying experiments, a laboratoryscale convective hot air dryer was fabricated ( Figure  1) . A centrifugal fan was used to blow the air into an electrical heater and pass it to the drying chamber. Temperature of the drying air was measured by a thermometer (PT100, 0.1 °C resolution) in the drying chamber inlet and controlled by using a microcontroller. The air flow rate was measured by a portable hot wire anemometer (Lutron, AM-4204 model, Taiwan) and controlled by using a frequency inverter (TECO, 7300 CV model, Taiwan). Three trays were placed in the drying chamber. During the drying experiments, one of the trays was used to monitor dehydration behaviour (weighting tray) and the others were used to determine shrinkage kinetic (sampling trays) of the samples. 
Drying experiments
The fresh potatoes used in the presented study were purchased from a local market in Isfahan (central Iran) and stored in a refrigerator at 4-6 °C until the experiments were started. The initial moisture content of the samples was determined by dehydration of about 5 g of the fresh potatoes at 103 °C until constant weight [29] , and approximately calculated to be 4.65 kg water /kg dry matter . Prior to each experiment, the samples were placed at room temperature for about 2 h to reach thermal equilibrium with the environment. The potatoes were washed with water, hand peeled and cut into slabs (40 mm×25 mm×10 mm). For each drying experiment, approximately 200 and 2000 g of the samples were spread as a monolayer on the weighting tray and sampling trays, respectively. The drying experiments were conducted at constant drying air velocity of 1.2 m s -1 and temperatures of 50, 60, 70 and 80 °C. During the experiments, relative air humidity remained approximately at constant level of 30% using an ultrasonic humidifier equipped with a microcontroller. The sample mass was monitored by a digital balance, accuracy of 0.001 g (ViBRA, model AJ-320E, Japan) and the instantaneous moisture content was calculated using Eq. (1) [22] : Drying rate was computed using Eq. (2):
where DR is the drying rate (g water /(g dry matter s)), M t and M t+dt are the moisture contents at t and t+dt respectively, and t is the drying time (s).
Uncertainty analysis
To prove the accuracy of the experiments the uncertainty analysis is needed. During experiments, uncertainties and errors could arise from factors such as instrument selection, instrument condition, observation, reading and test planning. In the present study, the drying temperatures, and sample thickness and weights were measured using appropriate instrumentation. The total uncertainties of these parameters are presented in Table 1 . The method described by Holman was used to perform uncertainty analysis [32] :
where E is the uncertainty and y is the independent variable. 
THEORETICAL APPROACH
A scheme of the potato samples is presented in Figure 2 for unsteady two-dimensional mass transfer during convective drying. To define the mass transfer process, by assuming isotropic behavior of the samples in regards to the water diffusivity, Fick's second law could be used:
The mathematical analysis was based on the following certain assumptions:
-heat generated inside the object is negligible, -two dimensional equations sufficiently describe the process for small thickness of the product, -initial field of moisture content inside the sample is homogeneous, -effective diffusivity of the product depends on drying air temperature and -convective mass transfer coefficient depends on drying time and air temperature. Under listed assumptions, governing mass transfer equation for unsteady drying process in rectangular coordinates (x,y) becomes [28] :
Initial and boundary conditions to solve the mass transfer equation are given as Eqs. (6) and (7), respectively:
where h m is the mass transfer coefficient (m s -1 ), M eq and M surf are the equilibrium and surface moisture content of the samples (kg water /kg dry matter ). Also, n is the magnitude of normal vector to the surface.
To solve finite element problems, Galerkin method is widely used. Using Galerkin method, Eq. (5) can be written as:
The interpolation functions do not have continuous derivatives between elements and it is necessary to replace them in the Eq. (8) by first derivatives. In order to obtain lower-order derivative, it is better to apply integration by parts to the integral expression. Concentrating on the first integral of Eq. (9):
Using Gauss's divergence theorem, the first integral on the right-hand side of Eq. (9) can be replaced by an integral around the boundary and gives:
By performing a similar operation for the second term, Eq. (8) becomes as:
In Eq. (11), the unknown M can be expressed as:
Therefore, it can be written as:
Substituting of these equations into Eq. (11) yields:
where [ ] B is the gradient matrix of triangular elements in the finite element mesh and defined as:
By writing the surface integral in terms of flux ∂ ∂ / M n along the boundary, Eq. (11) can be expressed as: (16) where n is the outward normal to the surface.
Using Eq. (7), the right-hand side of Eq. (16) can be expressed as follows: (17) where the gradient matrix [ ] B can be defined as:
where A is area of the triangular element and:
where X and Y are nodal coordinates of an element and the suffixes i, j and k indicate the nodal points of a triangle. Keeping { } M aside, the right-hand side of Eq.
(14) can be written as: (20) Since the thickness is assumed to be unity for a two-dimensional model, dΩ could be replaced by dA. Also, from the Eq. (20) , it is evident that for any element all terms are constant. Therefore, the Eq. (20) can be expressed as:
Equation (21) 
Assuming L 1 , L 2 and L 3 are measured from opposite nodes i, j and k, respectively; the s N in the coordinate system can be replaced as follows: Considering, for example, nodes i and j on the surface, the integrals of the square products and the crossproduct are given, respectively: (25) where the ij L is the length of the side between nodes i and j of the under consideration surface element.
For an integration over an element, the general forms of Eqs. (24) and (25) can be modified as follows, respectively:
The second term in Eq. (17) can be expressed as:
The solution of Eq. (28) is as follows:
Also, by using Eq. (12), the last term of Eq. (8) can be written as follows:
Since the time derivative of moisture inside the drying samples ( ∂ ∂ / M t ) is independent of the sample domain (Ω) coordinates, the Eq. (30) can be expressed as:
The integral within the bracket on the right-hand side of Eq. (31) This matrix can be solved using Eqs. (26) and (27) .
Combining Eqs. (17), (21) and (31), the following first-order differential equation can be obtained as: (32) where {f} is the element load force vector.
By using direct stiffness procedure to incorporate the element matrixes into final system of equations, the final result of the system can be obtained in terms of first order differential equation as follows: (33) where [C] is the global capacitance matrix, [K] is the global stiffness matrix and {F} is the global load force vector.
Solving by finite difference scheme, Eq. (33) can be written as [29] :
where β is a weighting factor and should be in the range of 0 to 1. Choosing different values of β, different schemes of finite difference equation can be obtained. In this study, backward method (β = 1) was used.
Thermo-physical properties
Effective diffusion Crank (1975) has given an analytical solution for Eq. (3) for different solid geometries, which for an infinite slab are written as Eq. (35) [30] :
where D eff is the effective diffusivity (m 
D t MR H (37)
By plotting experimental data in term of ln MR against drying time, a straight line was obtained and the moisture diffusivity was calculated as follows:
The convective mass transfer coefficient (h m ) in the surface of the samples was determined by using the procedure described by [31] : 
Shrinkage
During the drying experiments, the shrinkage kinetic of the potato slices was determined using toluene displacement method [17] . Three potato slices were randomly taken from the sampling trays and The density of toluene (ρ toluene ) is 0.87 g cm -3 at 20
°C.
After determination of the sample volumes, the volume ratio was calculated as follows: The initial volume of the fresh samples was determined using its dimensions.
RESULTS AND DISCUSSION

Drying characteristics of the samples
Variation in drying rate in respect to the moisture content for the samples at the applied air temperatures is shown in Figure 3 . As the results show, the entire drying process occurred in the falling rate period and no constant rate period was observed. Drying processes in falling rate period indicated that diffusion is the dominant physical mechanism controlling the moisture movement in the potato slices [17] . During this period, water migration from the interior to the product surface is controlled by molecular diffusion where water moves based on moisture content gradient from the zones with higher moisture content to the lower moisture zones. In addition, drying rate increased considerably with an increase in the drying air temperature. This agrees well with results regarding the influence of drying air temperature on dehydration rate of samples reported in the literature [14, 32] . Some factors such as indigenous properties, initial and final moisture content of the product, drying method and drying conditions can affect the drying rate of the agricultural materials. At higher temperatures, the heat transfer rate between thermal source and the material is higher leading to the faster moisture evaporation and lower drying time [17] .
Effective diffusivity and convective mass transfer coefficient
The effective moisture diffusivity of the potato slices was calculated using Eq. (38) and the obtained values for the applied air temperatures are shown in Table 2 . As the results show, the values ranged from 4.32×10 -9 to 6.11×10 -9 m 2 s -1 that generally is within the range given for food material moisture diffusion (10 In addition, it was observed that an increment in drying temperature increased the effective diffusivity value. In fact, an increase in temperature causes a decrement in water viscosity and increases the activity of water molecules. These phenomena facilitate diffusion of water molecules in object capillaries and consequently, increase the moisture diffusivity. The effect of drying air temperature on the moisture diffusivity can be discussed as shown in Figure 4 . As the results show, the moisture diffusivity of potato slices can be expressed as a function of temperature using an exponential equation: values are higher than 0.90 [34] . As the results show, the equation is capable to predict the experimental effective moisture diffusivity data.
Mass transfer between the interface of a liquid or a solid and a gas is an important phenomenon and often is described by a convective mass transfer coefficient. Results reported in the literature indicated an improvement in heat and mass transfer equation using unsteady heat and mass coefficients in comparison to values remaining constant in time and in space for each surface [9] . The values of convective mass transfer obtained from Eq. (39) ranged from 1.303×10 -7 to 2.665×10 -7 m s -1 for the drying temperature between 50 and 80 °C. The obtained results agree well with the values reported for different products and drying conditions in the literature [7, 9, 21] .
In the presented study, the determined convective mass transfer coefficient was given as a function of Same results have been reported for shrinkage decrement during drying process for potato [12] , mango [28] , coffee beans [7] , and banana and carrot [23] .
Verification of the finite element solution
To predict the moisture content changes of the potato slices by the implemented finite element scheme presented in Eq. (34), the experimentally obtained diffusivity, mass transfer coefficient and shrinkage of the samples were used and a computer program was written in Compaq Visual Fortran, version 6.5. Sub-routines for initial and boundary conditions, grid information, properties and matrix solution have been included in the program. In addition, the written program could generate the two-dimensional grid data automatically if dimensions of the object were given as an input.
The variation of average moisture content of the potato samples with respect to the drying time for the experiments along with the computed results at the air temperature of 50 °C, are presented in Figure 5 . For the other drying air temperatures, the same results were observed.
The accuracy of the elaborated model was evaluated by comparing computed and experimental data by calculating the relative error (%RE) and the mean relative error (%MRE):
Relative error of 10-15% is usually reported to be satisfactory for drying simulation. Also, a mean relative error of less than 10% is generally considered as a good degree of agreement between predicted and experimental data for drying process [35] . The values of mean and maximum relative error at the applied air temperatures are shown in Table 3 . As the validation results show, the implemented model and the solution could describe drying process of the potato slices with a high accuracy, where the obtained mean relative error and the maximum relative error values were in the range of 7.56 to 9.04% and 12.14 to 14.71%, respectively. The reasons could be due to the following:
-Experimentally determined moisture diffusivity and mass transfer coefficient for the potato slices were accurate enough, -Shrinkage kinetic of the samples during dehydration process was determined and taken into account,
-Two-dimensional finite element model had enough flexibility to describe the geometry of the samples and -The developed numerical simulation and the written program had good capability to describe the mass transfer phenomenon during the experiments.
CONCLUSIONS
In this study, convective drying of potato slices was investigated experimentally and numerically. Drying rate, moisture diffusivity and mass transfer coefficient of the samples were found to increase with increase in the drying air temperature increment. No constant rate period was observed and the entire drying process of the potatoes occurred in the falling rate period at the applied air temperatures. The diffusivity of the samples was determined to be in the range of 1.68×10 -9 to 2.81×10 -9 m 2 s -1 and described using an exponential equation as a function of air temperature. For each drying temperature, mass transfer coefficient and shrinkage of the samples were determined experimentally and found to be functions of the process time and moisture removal, respectively.
A two-dimensional finite element model was developed for the sample drying and programmed in Compaq Visual Fortran, version 6.5, to simulate the process and predict the drying curves. The predicted moisture content values were compared to the experimental data and the results indicated that the imple- 
